The regulation of the enzymes associated with one-carbon metabolism and the assimilation of nitrogen, together with the cellular composition of Hyphomicrobiurn X, were investigated. The effect of changing the methanol-carbon concentration with the NHX-nitrogen concentration remaining constant (C : N ratio) in the medium during chemostat growth at a constant dilution rate was studied. As the medium changed from a C-limitation to a dual C-and N-and finally a N-limitation, the culture gradually passed through three definite growth phases. In response to these environmental conditions the cellular composition and the specific enzyme activity patterns changed. The C-content of the cells changed very little. The N-and protein-content was constant over C-limiting conditions, but under dual C-and N-limiting and N-limiting conditions an accumulation of poly-/.?-hydroxybutyrate (PHB) occurred and as a consequence the N-content and protein-content of the cells decreased. The enzyme associated with Nassimilation during C-limitation was an NADP+-dependent glutamate dehydrogenase which was replaced by the high affinity glutamine synthetase and glutamate synthase pathway immediately the NHX-N concentration in the medium became limiting. Similarly the specific activity of methanol dehydrogenase, which was high during C-limiting conditions, dropped to a low level as the NHX-N concentration decreased. Finally carbon balances were constructed throughout the experiment which showed that irrespective of the C : N ratio in the medium during C-limitation, the methanol-carbon was fluxed into biomass and C 0 2 only; during dual limitation the carbon was channelled into biomass, C 0 2 and PHB; and finally when the growth was in the presence of excess carbon no methanol-carbon was directed into overmetabolite production but, instead, the excess carbon was oxidized through the dissimilatory pathway .
INTRODUCTION
Hyphomicrobium X has been shown to be a facultative methylotroph which assimilates C1 carbon via the ICL-serine pathway and obtains energy using the linear oxidation sequence of dehydrogenases to convert the substrate to C 0 2 and water (Harder et al., 1973; Harder & Attwood, 1975) . Subsequent studies using carbon-limited chemostat cultures grown on methylamine showed that the carbon was fluxed into biomass and C 0 2 , and that the C1 assimilatory enzymes were co-ordinately regulated in a manner independent of the dissimilatory enzymes (Brooke & Attwood, 1985) .
Like many non-methylotrophic bacteria Hyphomicrobium X can grow on a range of N-sources (Harder & Attwood, 1978) and can express both NADP+-dependent glutamate dehydrogenase Abbreviations: GDH, glutamate dehydrogenase; GS, glutamine synthetase ; GOGAT, glutamate synthase ; PBH, poly-/I-hydroxybutyrate.
(GDH) activity and the high affinity glutamine synthetase : glutamate synthase (GS : GOGAT) pathway for N-assimilation. Elevated levels of NADP+-dependent GDH were expressed when the N-source was ammonium sulphate or methylamine and present in excess. When the Nsource was nitrate or in limited supply the GDH activity decreased and the level of GS:GOGAT activity in the cells was increased (Brooke et ai., 1987) . This paper reports the effect of changing the C : N ratio in the medium on the cellular composition, the regulation of the enzymes associated with both the C1 -metabolism and N-assimilation and the pathways through which the methanol-carbon is fluxed when the cells are grown under excess carbon.
METHODS
Organisms, cultural conditions and growth. Hyphornicrobium X was maintained and grown as previously described (Marison & Attwood, 1982) . The organism was grown in a chemostat with a working volume of 2.5 1. The NHJ-N content (69.9 mg 1 -I ) in the medium remained constant whilst the concentration of methanol was progressively increased (0.24 to 1-08 g 1-l) to give the varying C : N ratios. The temperature was maintained at 30 "C, the pH adjusted to 6.9 by the addition of sterile NaOH (1 M) and the dissolved oxygen in the medium maintained above 50% saturation by the addition of sterile air and constant stirring (460 r.p,m.). The chemostats were inoculated with cells grown to the mid-exponential phase of growth in batch culture in media with the same C : N ratio. The cells were considered to be in a steady state when not less than five culture volumes had occurred with the same optical density. Growth was monitored by measuring the optical density at 430 nm.
Residual substrate concentrations. Samples were rapidly withdrawn from the chemostat, the cells were immediately removed and the concentrations of the substrates in the cell-free medium measured. Methanol was measured using gas chromatography (Pye-Unicam) equipped with a flame ionization detector and a glass column (1.5 m x 4 mm) packed with Poropak Q. Nitrogen (60 mi min-l) was the carrier gas and the column temperature was 160 "C. Ethanol was used as an internal standard. NHJ-N was measured by the method of Tetlow & Wilson ( 1964) .
Biomass. Cells (50 ml) were collected, washed once with an equal volume of distilled water, resuspended in a minimal volume of water (2-3 ml), placed in a pre-weighed container and dried to constant weight at 105 "C. Triplicate samples varied by less than &3.5%.
Elementaland cellular composition. To determine the elemental composition, the cells were removed from steadystate cultures, centrifuged, washed once with distilled water and freeze dried. After subsequent drying over P 2 0 5 in uucuo the cells were sent for elemental analysis (Chemistry Department, Sheffield University). Poly-Bhydroxybutyrate (PHB) was measured using a modified method based on the findings of Law & Slepecky (1961) . PHB was quantitatively converted to crotonic acid. The molar absorption coefficient of 1.56 x M-' cm-I was used. The mean M, of the polymer (C4Hb02) = 86 was assumed (Herbert et al., 1971) . Protein concentrations in both whole cells and cell-free extracts were measured by the Lowry method. Bovine serum albumin was the standard. Gas analysis. Oxygen and carbon dioxide concentrations in the outflow gas from chemostat cultures were measured with Servomax 570A and Servomax PA404 oxygen and carbon dioxide analysers respectively. The analysers were set to zero using oxygen-free nitrogen and then to maximum value of 20.9% and 5.0% with air or 5.0%/95 % carbon dioxide/nitrogen mixture respectively.
Preparation of cell-free extracts. At each steady state, samples (600 ml) were withdrawn from the chemostats, centrifuged (5000 g for 5 min) and washed once with 50 mM-Tris/HCl buffer pH 7.5. Ice-cold cell suspensions (1 g wet weight in 4 ml) were disrupted by sonication as previously described .
Enzyme assays. All enzyme activities were measured at 30 "C using a double beam recording spectrophotometer. The observed enzyme rates were proportional to the amount of cell-free extract added. One unit of enzyme activity is defined as the amount of enzyme that produces 1 pmol product or coenzyme reduced/oxidized min-' . Enzyme activities were measured using previously reported methods. Glutamate dehydrogenase (NADP+-dependent) (EC 1 .4.1.3) and glutamine 2-oxoglutarate aminotransferase (glutamate synthase) (EC 1 .4.1.14) were assayed as described by Meers et al. (1970) . Glutamine synthetase (EC 6.3.1.2) activity was measured both in the biosynthetic direction and as the y-glutamyltransferase assay (Bender et al., 1977) . A standard curve was constructed using commercially available y-glutamyl hydroxamate. The percentage adenylylation was calculated on the basis of the y-glutamyltransferase activity in the presence and absence of MgC12 ( 6 0 m~) (Shapiro & Stadtman, 1970) . Methanol dehydrogenase (EC 1.1.99.8) was assayed by the method of Anthony & Zatman (1964) , formate dehydrogenase (NAD+-dependent (EC 1 -2.1.2) by that of Johnson & Quayle (1964) Eflect of changing the C : N ratio on cell composition Hyphomicrobiurn X was grown in a chemostat at a dilution rate of 0.04 h-l. The concentration of the N-source was kept constant (NHJ-N = 69.9mg 1-l), whilst the carbon source was increased progressively (from methanol-C 240 to 1080 mg 1-l) to produce a C : N ratio (given as mg carbon per mg nitrogen) range of 3.43 to 15.5. Over the steady-states studied three distinct growth regimes were recognized. Initially (C : N ratio 3.43 to 7.71) the cultures were carbonlimited, followed by a dual C-and N-limitation (C : N ratio 8.57 to 1 1.40) and finally a period of N-limited growth (C : N > 1 1.40) (see Fig. 1 a) . The region of dual limitation can be predicted from the following equation: (Egli & Quayle, 1986) where Co and No are the carbon and nitrogen concentrations in the feed. Yxlc and YXIN are the respective growth yield coefficients based on carbon and nitrogen measured under distinct Cand N-limited conditions. When this equation was used with the present data the predicted dual limitation phase was C : N 7-91 to C : N 11.30, which is close to the measured values (Fig. 1 a) . These three regimes can be distinguished and further characterized by measuring residual substrate concentrations (NH,+-N and methanol), biomass produced (Fig. 1 a ) and the amount of protein and PHB formed (Fig. 16) . During the initial growth regime NHZ-N was detected in the culture filtrate and a linear increase in biomass was observed as the C : N ratio increased. The percentage protein in the cells was constant (70% with respect to dry wt) and no PHB was detected. During the following phase of C-and N-dual limitation neither NHi-N or methanol could be detected in the culture filtrate. The percentage protein in the cells decreased whilst PHB was seen to accumulate. This accumulation accounted for the linear increase in biomass throughout this growth phase. Finally during N-limited growth an increasing concentration of methanol was measured in the culture filtrate, with a decrease in the rate of PHB accumulation and a new lower protein content in the cells (40% with respect to dry wt; Fig. 16 ). Elemental analysis of the cells supported these changes in the cellular composition. The carbon content of the cells (48-51 %) did not change significantly across the range of C : N ratios studied, but the nitrogen content dropped from 13.5 to 8.4% (unpublished results). Throughout the first two growth regimes the specific rate of methanol consumption (qmethanol) remained constant, but as the growth became N-limited the rate of methanol consumption increased (Fig. 1 c) . Since the specific rate of carbon assimilation, reflected in the carbon content in the cells, was constant over the range of C:N ratios studied, this suggests that more carbon from methanol was channelled into the dissimilatory pathway during N-limited growth. This was substantiated when carbon balances were constructed (see Table 1 ).
Eflect of changing the C : N ratio on the spec& activities of the enzymes in the cell
Nitrogen assimilation enzymes. It has been reported that Hyphomicrobium X can express both the low and high affinity pathways for N-assimilation (Brooke et al., 1987) . When cell-free extracts from steady-state cells were assayed for NADP+-dependent GDH, GS and GOGAT activities the expected regulation of enzyme synthesis was observed. Initially during C-limited growth the NADP+-dependent GDH specific activity increased until the NH,+-N in the medium was exhausted. Then the GDH activity immediately decreased to a low but constant level, whilst the GS activity, which was initially low, increased rapidly to a peak of specific activity towards the end of the dual limitation phase of growth (Fig. 2a) . This pattern of specific activity was observed using both the biosynthetic and y-glutamyltransferase assay. The use of the transferase assay in the presence and absence of Mg2+ (60 mM) enabled an estimate to be made of the adenylylation state of the enzyme (Shapiro & Stadtman, 1970) . During the C-limited growth phase the enzyme activity was low and the enzyme was highly adenylylated (83-90%), whereas growth under dual limitation conditions, resulted in a high specific activity level with a lower adenylylation state (3040%; Fig. 26 ).
The changes in the specific activity of GOGAT were less dramatic. Initially the enzyme activity was very low but increased linearly to a higher, constant specific activity midway through the dual limitation growth phase. This activity was maintained throughout the Nlimited growth phase.
Enzymes of the C 1 dissimilation pathway. The specific activity of methanol dehydrogenase, the initial enzyme for both the assimilatory and dissimilatory pathways, changed dramatically over the C : N ratio range studied. During C-limitation the specific activity was high but as soon as the NHZ-N was exhausted from the medium the enzyme level immediately dropped to a low but constant value (Fig. 3a) . A similar observation has been reported by Jones et al. (1987) with Methylophilus methylotrophus. On the other hand the specific activity of the NAD+-dependent formate dehydrogenase increased during the C-limitation growth phase as the C : N ratio increased, and this high level of activity was maintained throughout the subsequent growth. This supports the idea that during N-limited growth the proportion of the carbon (qmethanol) channelled through the dissimilation pathway was increased.
Enzymes of C, -assimilation. Serine glyoxylate aminotransferase and hydroxypyruvate reductase, enzymes specific to the serine pathway, showed biphasic linear increases in their specific activities over the range of C : N ratios studied. The rate of increase in the specific activities was greater during the initial C-limited growth phase. This is consistent with the decrease in carbon assimilated into biomass after the initial growth period (Figs 1 a and 3 b) . The two non-specific C, enzymes studied showed different specific activity patterns. Malate dehydrogenase activity increased until mid-way through the dual substrate limitation and then remained constant. The specific activity of citrate synthase was low during C-limited growth but increased rapidly through the second phase of growth and remained at a constant but lower activity during the N-limited period of growth (Fig. 3c) .
Carbon balances constructed throughout the experiment showed that no organic compound was produced during growth under carbon excess (Table I) . Under all growth conditions 90-100% of the methanol-carbon which enters the cells could be accounted for in the biomass, PHB and the carbon dioxide produced.
Thus these results are consistent with findings reported in the literature (Hueting & Tempest, 1979; Egli & Quayle, 1986; Grazer-Lampart et al., 1986) in that when the growth medium was changed from C-to N-limited a gradual transition occurs involving a phase of dual C-and N- limited growth rather than an abrupt stepwise modification. The cellular composition changed from an initial high protein content to one of lower protein content with carbon channelled into PHB. The enzymic changes in the cell reflected the different conditions by (a) a repression of the synthesis of the low affinity N-assimilation pathway and a derepression of the high affinity, but energetically expensive GSlGOGAT pathway, and (b) an immediate decrease in the specific activity of methanol dehydrogenase with a resulting reduction in carbon flux within the cells. The specific methanol consumption rates (qmethanol) and the carbon balances constructed during the C-and N-limited growth showed that during N-limitation more carbon is channelled into the dissimilatory pathway, and since all the methanol-carbon taken into the cells can be accounted for in terms of biomass, PHB and carbon dioxide, no carbon was fluxed into other organic over-flow metabolites.
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